Considerable evidence exists to support the hypothesis that the hippocampus and related medial temporal lobe structures are crucial for the encoding and storage of information in long-term memory. Few human imaging studies, however, have successfully shown signal intensity changes in these areas during encoding or retrieval. Using functional magnetic resonance imaging (fMRI), we studied normal human subjects while they performed a novel picture encoding task. High-speed echo-planar imaging techniques evaluated fMRI signal changes throughout the brain. During the encoding of novel pictures, statistically significant increases in fMRI signal were observed bilaterally in the posterior hippocampal formation and parahippocampal gyrus and in the lingual and fusiform gyri. To our knowledge, this experiment is the first fMRI study to show robust signal changes in the human hippocampal region. It also provides evidence that the encoding of novel, complex pictures depends upon an interaction between ventral cortical regions, specialized for object vision, and the hippocampal formation and parahippocampal gyrus, specialized for long-term memory.
The structures that are important for encoding and storage of novel information have been the focus of extensive research since the pioneering work of Scoville, Milner, and Penfield (1) (2) (3) (4) . A convergence of research in animals and humans has led to the hypothesis that the hippocampus and related medial temporal lobe structures are critical for the encoding of novel information for subsequent storage in the neocortex (2, (5) (6) (7) . In humans, anterograde amnesia-the inability to learn new information-is associated with bilateral lesions of medial temporal lobe structures (2, 8) . In nonhuman primates, singleunit recordings have identified neurons that respond preferentially to novel or familiar stimuli. These neurons are found in structures that receive output from the hippocampus [such as the anterior thalamus (9) and nucleus accumbens (10) ] and in structures that provide afferent input to the hippocampus [such as the entorhinal cortex (11) ]. Lesion studies in animals have provided extensive data on the role of medial temporal lobe structures in the performance of behavioral tasks requiring storage of novel information. For example, lesions of hippocampus and adjacent cortical structures, such as the perirhinal and entorhinal cortices, impair performance on delayed nonmatching to sample tasks in nonhuman primates (12) and rats (13) . Controversies remain about the exact structures that are most important for the performance of explicit memory tasks (12) (13) (14) (15) (16) .
Functional brain imaging studies have attempted to demonstrate the role of the hippocampus and related medial temporal lobe structures in the encoding and retrieval of long-term memories in the intact human brain. Several studies using positron emission tomography have shown no evidence of a medial temporal lobe contribution to encoding and recognition (17) (18) (19) ; however, more recent reports have shown changes in the hippocampus in response to the encoding of objects and faces (20) (21) (22) (23) . The imaging studies that successfully demonstrated signal changes in the hippocampal formation differ from those that did not localize activity in the medial temporal lobe in the type of stimuli presented to the subject. Studies using verbal material have generally been unsuccessful (17) (18) (19) 24) , whereas studies using object and face stimuli have shown medial temporal lobe changes (20) (21) (22) (23) .
The development of functional magnetic resonance imaging (fMRI) techniques (25, 26) provides a new tool for testing specific hypotheses about the anatomical and physiological substrates underlying the encoding of novel information in the human brain. In this study, we used a high-speed echo-planar scanning technique (27) to examine the encoding of complex, novel pictures in the intact human brain.
METHODS
Subjects. Eight healthy subjects (5 men, 3 women; age range, 19-43) participated in this study. Subjects were recruited from the Massachusetts Institute of Technology and Harvard University communities. All subjects gave informed consent in accordance with the Human Subjects Committee guidelines of the Massachusetts General Hospital.
Scanning Methods and Data Analysis. Conventional and echo-planar MR imaging were carried out using a high-speed scanner (1.5-T General Electric Signa scanner, modified by Advanced NMR Systems, Wilmington, MA). The subject was positioned in the scanner, and the head was immobilized using foam support cushions. Slice selection was determined by initially collecting a series of 59 sagittal, high-resolution, T1-weighted images through the brain. We positioned 7 mmthick contiguous slices with 3 ϫ 3 mm in-plane resolution coronally from the frontal pole to the occipital lobe. Coronal slices were chosen for this study to provide the maximum number of slices through the hippocamus and to avoid partial voluming effects, which would have been more prevalent had axial slices been chosen. In most subjects, 20 coronal slices allowed for complete brain coverage. After selecting the number and location of the slices, a series of high-resolution, T1-weighted images was taken for anatomically defining the high-speed functional images. An additional series of twodimensional Spoiled Grass multiplanar T1-weighted flowsensitive images were taken to locate large blood vessels running within the selected slices.
We used a receive-only radiofrequency quadrature head volume coil, which provided an average signal-to-noise ratio of
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Abbreviations: fMRI, functional magnetic resonance imaging; ROI, region-of-interest. ‡ To whom reprint requests should be addressed. Ϸ100:1 in an individual image within the time series. An automatic shimming method further enhanced the signal-tonoise ratio and reduced the fMRI susceptibility artifacts present in the medial temporal lobe. An asymmetric spin-echo imaging sequence (28, 29) , which is sensitive to signal changes arising from small changes in blood oxygenation levels, was used during fMRI scanning repetition time [(TR) ϭ 2500, echo time (TE) ϭ 50]. Preliminary set up and localizing scans required Ϸ30 min; the subsequent functional scans were acquired over an additional 60-90 min.
Task-induced changes in fMRI signal intensity were assessed using a nonparametric statistical analysis procedure that tests whether data acquired during an experimental task are likely to come from the same distribution as data acquired during control tasks (30) . This analysis was performed in the following ten steps. (i) All slices and time points were reconstructed using unfiltered Fourier transforms from complete k-space data to form a volumetric time series magnitude image dataset. (ii) Each successive time point in the volumetric time series was registered to the first time point to compensate for any slow motion of the subject's head that occurred during a scan (31) . (iii) Every magnitude image in the time series was spatially filtered using a two-dimensional Hamming window. The resulting voxel size was 6.25 mm ϫ 6.25 mm ϫ 7.0 mm full-width at half-maximum. (iv) Each voxel location was treated independently to estimate the empirical cumulative distribution functions during the control (repeated picture) and experimental (novel picture) states. (v) The point(s) of maximal difference between the two estimated distribution functions-i.e., the Kolmogorov-Smirnov (KS) statistic, was computed for each voxel. (vi) The probability that this maximal difference could have occurred due to chance for each voxel was assembled into a volumetric probability map. (vii) The probability map was converted to a logarithmic color scale and was overlayed on anatomical images of the same location for visual inspection. (viii) The time course of activity within regions-of-interest (ROIs) that exhibited significant taskinduced fMRI signal response, as determined by the KS probability map, were extracted from the volumetric time series magnitude image dataset and plotted. (ix) ROIs showing statistically significant differences between the control and experimental conditions were localized anatomically by visually inspecting the functional and high-resolution anatomical images for each subject. (x) Each individual scan was converted into Talairach space, and the Talairach coordinates were computed for each ROI.
Task Design. A sequential task-activation paradigm was employed, alternating between an experimental condition for picture encoding and a control condition. During the experimental condition, subjects viewed 40 complex colored magazine pictures presented sequentially. Subjects were instructed to view the pictures carefully, so that they could recognize them later. The stimuli were projected using a video-computer hookup to a Sharp XG-2000f liquid crystal back-projection television monitor. The stimuli were displayed at a rate of one picture every 3 sec on a transluscent screen placed Ϸ30 cm from the subjects' eyes. Subjects viewed the pictures through an overhead mirror. During the control condition, subjects viewed a single complex colored magazine picture, which was presented repeatedly at the same rate as the novel stimuli (every 3 sec). Scanning occurred over a 4-min block. Subjects performed the experimental task during the first and third minutes and the control task during the second and fourth. During each 4-min run, fMRI images were acquired throughout the brain every 2.5 sec.
Subjects subsequently performed a two-alternative forced choice recognition task to verify that they had encoded the 40 pictures. Each picture presented during the encoding task was paired with a novel picture. Subjects pressed a button to indicate which picture they had viewed previously.
RESULTS
In all subjects, the picture encoding task was associated with increased fMRI signal in the posterior portion of the hippocampus and adjacent parahippocampal gyrus. Fig. 1 shows the single subject results from a representative subject. A series of coronal, high-resolution T2 MR images of the brain are shown, with color regions indicating fMRI signal changes that reached statistical significance using the KS statistical test, superimposed on anatomical grayscale images. Localized fMRI signal was significantly elevated during the picture encoding task, relative to the control task.
Signal changes in the hippocampal region were highly consistent across all eight subjects at the P Ͻ 0.001 level. Activation was localized to include approximately the posterior quarter of the hippocampal formation and adjacent parahippocampal gyrus. from the hippocampal region in all eight subjects, with the Talairach coordinates for the location of each ROI. All time courses were taken from ROIs containing more than four contiguous pixels. The percentage signal change between the two conditions for each individual subject ranged between Ϸ1% and 2.5% (Fig. 2) . The changes were bilateral in all subjects. From the averaged data (Fig. 3) , it is evident that the signal changes occurring in the right hemisphere were greater than on the left. Additional bilateral signal changes at the P Ͻ 0.001 criterion were observed in the lingual and fusiform gyri in all subjects (n ϭ 6) where these regions were studied. In the two remaining subjects, the size of the subject's head coupled with the limitation of the number of functional slices that could be collected resulted in the selection of fMRI slices that did not extend as far posteriorly as the lingual and fusiform gyri.
Significant fMRI signal intensity changes were not present in the anterior portion of the hippocampal formation, the amygdala, periamygdaloid cortex (area 51), perirhinal cortex (areas 35 and 36), and entorhinal cortex (area 28). No significant changes were noted in the frontal lobes during picture encoding. Fig. 3 presents the average functional data for all eight subjects superimposed on an average of all eight anatomical scans. The Talairach coordinates (lateral x, posterior y, and inferior z) of regions showing statistically significant changes in the averaged data are: left hippocampal region (x, Ϫ21.00; y, Ϫ31.87; and z, Ϫ7.50), left lingual and fusiform gyri (x, Ϫ21.00; y, Ϫ56.25; and z Ϫ10.31), right hippocampal region (x, 28.00; y, Ϫ25.31; and z, Ϫ5.62), and right lingual and fusiform gyri (x, 35.00; y, Ϫ37.50; and z, Ϫ15.00).
The behavioral results of the subsequent picture recognition task demonstrated that subjects were able to identify previously viewed pictures at an accuracy rate ranging from 75% to 97%.
DISCUSSION
The results presented here provide evidence of activationinduced fMRI signal intensity changes in the human hippocampal formation. These results were highly consistent and indicate that fMRI can be used to study medial temporal lobe structures during such complex cognitive computations as the encoding and storage of novel stimuli. Our results contrast with some previous imaging studies that failed to elicit changes in medial temporal lobe structures during the acquisition and retrieval of verbal episodic information (19, 24) . They concur, however, with recent positron emission tomography studies showing greater activity in the hippocampus during encoding of novel stimuli (32) and faces (20, 21) . Additional studies have reported hippocampal activity during the recognition of possible but not impossible novel objects (22) and during the conscious recall of verbal stimuli that were encoded more effectively (high recall condition) than those that had not been encoded well (low recall condition) (23) . Although further studies are necessary to elucidate the exact role of the hippocampus in recall and recognition, the results presented here suggest a role for the hippocampus in the encoding of complex visual information. Gaffan and Harrison (33) have suggested that damage to the hippocampal system disrupts a snapshot type of memory for the identity and spatial arrangement of objects within a visual scene. This ''snapshot memory'' could (1996) account for the hippocampal and parahippocampal activity found in this study and for the results of several other studies in which the visual and spatial characteristics of the information presented is important (20) (21) (22) 32) . These imaging results, and the idea of the hippocampus performing a type of snapshot memory, are consistent with studies of temporal lobe lesions in man, which have shown deficits on object location tasks following right temporal lobectomy (34) (35) (36) . The localization of activation in the posterior hippocampal formation may relate to differences in the anatomical innervation of anterior versus posterior hippocampus (37) . In single-unit recordings from nonhuman primates performing a delayed matching to sample task, several studies have noted more neurons that respond in the posterior as opposed to the anterior hippocampal formation (11, 38, 39) . In another study of nonhuman primates, global ischemia produced selective damage to the hippocampus and dentate gyrus, with cell loss being greater in the posterior portion of the hippocampus than in the anterior portion. This limited posterior hippocampal damage was sufficient to impair delayed nonmatching to sample task performance (40) . The localization of fMRI activity to the posterior hippocampal formation and parahippocampal gyrus supports the idea that these posterior hippocampal areas form an integrated system with a qualitatively different functional role from anterior subdivisions of the hippocampal system (7). The posterior hippocampal areas, however, are not sufficient to support normal memory function, as illustrated by the severely amnesic patient H.M, in whom the posterior 2 cm of the hippocampus and parahippocampal gyrus are preserved (Corkin et al., unpublished results) .
Another important finding was the absence of fMRI signal intensity changes in the amygdala, perirhinal cortex (areas 35 and 36), periamygdaloid cortex (area 51), and entorhinal cortex (area 28) during picture encoding. These findings address the debate regarding the role of the amygdala, perirhinal, and entorhinal cortices in the performance of memory tasks (6, 12, 15, 41, 42) . Our findings are consistent with recent human and animal studies showing that lesions confined to the hippocampal formation, but sparing the amygdala, entorhinal, and perirhinal cortices, are sufficient to cause memory impairments (40, 43) . Previous imaging studies of encoding have reported significant changes in the dorsolateral prefrontal cortex during the acquisition of verbal episodic information (18, 19) . We did not find changes in frontal cortex in this study. The lack of activity in the prefrontal cortex, together with the increases in medial temporal lobe activity cited here, suggests that visual and verbal material may be encoded using different pathways.
Additional signal intensity changes were noted in the fusiform and lingual gyri bilaterally. These signal changes underscore the importance of this region for visual object recognition. Damage to these areas in humans results in visual agnosia and prosopagnosia (44, 45) , and these structures may correspond to the inferotemporal cortex in nonhuman primates, which has been shown to play a role in object discrimination and recognition (46) (47) (48) . In recordings from the inferotemporal cortex in nonhuman primates, neurons show a stronger response to the initial presentation of a novel pattern than to subsequent presentations (11, (49) (50) (51) . Responses of this type could underlie the greater activation found in lingual and fusiform gyri during presentation of novel pictures. In comparison, recordings of single-unit activity in the hippocampus indicate that hippocampal neurons respond on the basis of a match or mismatch of current input with previously stored information (52) . This finding is consistent with theories suggesting that the hippocampus performs a comparison function that guides the formation of new representations (53) (54) (55) (56) (57) . The activation changes found here may reflect the greater demand on this function of the hippocampus during sequential storage of novel pictures than during repeated contact with a familiar stimulus.
In addition to the object recognition components of encoding, there are attentional components. Novelty alone can result in heightened awareness of specific stimuli in a group of stimuli (''novel pop-out''; ref. 58) , and attention to novelty plays an Proc. Natl. Acad. Sci. USA 93 (1996) integral role in encoding. In addition to encoding, these factors of novelty versus familiarity and attention may contribute to the increased fMRI signal noted in this study. In common with our study, activation in the parahippocampal, lingual, and fusiform gyri has been noted in a positron emission tomography study of selective attention to shape (59, 60) . This similarity may reflect the fact that attention to and recognition of objects within a novel picture is a necessary component of the encoding and storage of that picture in memory. However, the Talairach locations of parahippocampal areas activated during attention to shape (59, 60) are anterior to the parahippocampal areas activated during novel picture encoding. The hippocampal activation described here, along with recent positron emission tomography data showing activation of the hippocampus during encoding of objects (32) and faces (20, 21) , contrasts with previous results (19, 24) . We suggest that the lack of selective activation of the hippocampal region in previous studies and the activation of the hippocampal formation in recent studies is dependent upon the type and complexity of the information presented in the stimuli being encoded. Studies that have found localized changes in the hippocampus, including this one, have required that subjects view complex visual scenes or objects, including faces (20, 21, 32) . These studies differ from studies of verbal material, which have generally not localized activity to the hippocampus (17, 19, 24) . The key difference between imaging studies that do or do not show hippocampal activity is probably not specifically related to the use of verbal versus visual information, but more likely relates to the complexity and relational characteristics of the information being presented. Simple verbal stimuli, unlike complex visual pictures and faces, do not require the formation of new representations or relationships. These studies are consistent with the idea that the hippocampus performs a comparison function that guides the formation of new representations (53) (54) (55) (56) . The fMRI changes reported here suggest that the encoding of novel, complex pictures depends upon an interaction between hippocampal regions, specialized for longterm memory, and ventral cortical regions, specialized for object recognition.
